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Abstract
This paper provides an overview of the design and performance of the new aeroa-
coustic wind tunnel facility at the University of Bristol. The purpose of the facility is
to enable near- and far-field acoustic and aerodynamic studies on a variety of different
aerodynamic components and to examine diverse noise control techniques. The facility
comprises a large acoustic chamber, anechoic down to 160 Hz, and a temperature con-
trolled closed-circuit wind tunnel with an open test section. The wind tunnel features
two interchangeable rectangular nozzles with a partially shared contraction. Both nozzles
are shown to possess a high flow quality with high flow uniformity and low turbulence in-
tensity of 0.09% and 0.12% for the smaller and larger nozzle, respectively. The maximum
attainable flow speeds are 40 m/s for the larger nozzle and 120 m/s for the smaller nozzle
corresponding to Reynolds numbers of 2.7 million and 8.1 million per meter, respectively.
In this paper, we will present various aerodynamic and acoustic results to characterize
the performance of the facility. The background noise levels are found to be sufficiently
low and the far-field noise measurements from a flat plate, a round cylinder and a NACA
0012 airfoil compare favorably to existing experimental observations.
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1. Introduction
The sound radiated from bodies immersed in a flow field is of major concern for the
aerospace, automotive, civil engineering and wind energy sector, amongst many others.
More stringent noise emission regulations all over the globe have made sound reductions
a key design driver in many engineering applications nowadays [2]. Several numerical,5
analytical and experimental studies have been carried out in the past decades to improve
our understanding of aerodynamic noise sources.
Notwithstanding the improvements in the computational methods utilized for aeroa-
coustic predictions in recent years, it is still not feasible to predict the noise emitted10
by complex flows in various applications. This calls for the inevitable need for well-
equipped aeroacoustic facilities to conduct experimental studies. This can help both the
fundamental understanding of noise generation mechanisms from different aerodynamic
components, such as wings, blades, landing gear systems, cavities, etc. [3], and more
importantly the development of novel and tailored passive or active flow/noise control15
methods, such as serrations [4–7], porous treatments [8, 9], morphing surfaces [10, 11],
flow suction and blowing [12, 13], etc. In the past, the majority of the aeroacoustic
wind tunnels have been operated by automotive and aerospace corporations, as well as
national institutions, such as NASA, JAXA, NLR and DLR [14–18]. However, over the
course of the past 20 years, several universities have been commissioning aeroacoustic20
wind tunnels of varying sizes and capabilities [19–28]. More recently, Kevlar-walled ane-
choic wind tunnel test sections have been designed and implemented [8, 28, 29], which




Open-jet wind tunnels are widely used to conduct aeroacoustic measurements. In
order to enable high-quality research, an open-jet aeroacoustic facility has to fulfill sev-
eral requirements. It has to deliver a flow with low turbulence intensity and high flow
uniformity across the nozzle exit plane, a very low background noise level, as well as
near anechoic conditions for high accuracy noise measurements [20]. The background30
noise of open-jet type anechoic wind tunnels consists of the jet noise, fan noise and noise
generated by the flow passing through the individual components of the wind tunnel as
well, as vibration caused structure-borne noise. With careful design, the fan noise and
the self-noise of the wind tunnel components can be significantly attenuated, leaving the
noise of the free jet as a limiting factor for background noise [19, 20].35
This paper discusses the design and performance of the aeroacoustic wind tunnel
facility at the University of Bristol. The purpose of this facility is to perform near-
and far-field acoustic characterizations on a variety of different bodies and aerodynamic
components. The facility will be used for absolute noise measurements or relative noise40
tests to evaluate the effects of noise reduction techniques. A detailed overview of the
facility and its individual components is presented in Section 2. Subsequently, Section 3
will outline the acoustic and aerodynamic characteristics of the wind tunnel and far-field
noise benchmark cases of a flat plate, a cylinder, two NACA 0012 airfoils and a 30P30N
high-lift device. These test cases are chosen to demonstrate the capabilities and perfor-45
mance of the facility for a wide range of fundamental and engineering applications.
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2. Wind Tunnel Design Overview
The Aeroacoustic facility at the University of Bristol is a closed-circuit, open-jet ane-
choic wind tunnel, designed for aerodynamic and aeroacoustic studies. Figure 1 displays50
an isometric view of the wind tunnel without any surrounding building structures and
without the anechoic chamber. A top view of the facility, including the surrounding struc-
tures and anechoic chamber, is provided in Fig. 2 and a cut-section side view through
the forward-leg of the wind tunnel can be seen in Fig. 3. The entire facility was designed
to fit within an available space of 16.6 m in length, 6.8 m in width and 4.6 m in height55
in the existing wind tunnel laboratory of the University of Bristol. A directly driven
centrifugal fan (part A in Figs. 1 - 3 ) expels air into the forward-leg of the wind tunnel
which houses two silencers (parts B & C) and a section with acoustic wall treatment (part
D). Consequently, the flow is turned and passed through the settling chamber (part E)
before it is accelerated through the contraction nozzle (part F). The free jet is caught60
by a collector (part H) which channels the flow through two silencers (parts I & J) and
a heat exchanger (part K) in the return-leg back to the centrifugal fan. All corners are
equipped with turning vanes with a chord of 192 mm manufactured out of 1.5 mm rolled
mild steel with chamfers at the leading and trailing edge. Additionally, the ductwork is
designed to be fully airtight in order to avoid the emergence of any noise due to flow65
leakage.
A closed-loop feedback control allows both the temperature and velocity to be set
and maintained, permitting continuous operation of the wind tunnel facility under a



















Figure 1: Isolated isometric view of the aeroacoustic wind tunnel and its components. Blue arrows are
indicative of the local flow direction. (A) Centrifugal fan, (B) Silencer 1, (C) Silencer 2, (D) Lined duct,
(E) Settling chamber, (F) Nozzle, (I) Silencer 3, (J) Silencer 4, (K) Heat exchanger.
The design currently features two nozzles of the following sizes, 600 mm × 200 mm (Noz-
zle 1) and 500 mm × 775 mm (Nozzle 2), which will be discussed in Section 2.4. The
following sections will describe the design and features of the different wind tunnel com-
ponents in greater detail.
75
2.1. Centrifugal Fan and Heat Exchanger
The centrifugal fan (part A) drives air through the wind tunnel and was sized accord-












Figure 2: Top view of the aeroacoustic facility including external control room. (A) Centrifugal fan, (B)
Silencer 1, (C) Silencer 2, (D) Lined duct, (E) Settling chamber, (F) Nozzle, (G) Anechoic chamber, (H)

















Figure 3: Section side view through the forward-leg of the aeroacoustic wind tunnel. (A) Centrifugal
fan, (B) Silencer 1, (C) Silencer 2, (D) Lined duct, (E) Settling chamber, (F) Nozzle, (H) Collector, (K)
Heat exchanger.
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which can be seen in Table 1. The larger nozzle (Nozzle 2), requiring a volumetric flow
rate of 15.3 m3/s and static pressure rise in excess of 3000 Pa, drives the fan specifica-80
tions more than the smaller nozzle (Nozzle 1). As a result of this, the maximum velocity
attainable with Nozzle 1 will be in excess of the design velocity of U∞ = 60 m/s at the
contraction nozzle exit. The selected centrifugal fan is a direct drive Ferrari FQ1121/N4A
fan with a single inlet and outlet which absorbs up to 55 kW power. The fan is placed
at a distance of about 6 m from the anechoic chamber inside an acoustically isolated85
room. In order to dampen out structural vibration being transmitted through the floor
into the anechoic chamber anti-vibration mounts are used to isolate the centrifugal fan
from the floor. The fan room is separated from the anechoic chamber by means of two
thick walls with high transmission loss, the details of which can be found in section 2.3.
The fan allows continuous and stable operation from a minimum volumetric flow rate90
of 1.5 m3/s up to the respective design conditions for each nozzle. The velocity at the
nozzle exit can be set from two control panels, one inside the anechoic chamber and one
in the dedicated control room. The control of the centrifugal fan is then achieved through
a closed-loop feedback control system utilizing the pressure drop across the contraction
nozzle as input. Lastly, the rate at which noise is emitted into the ductwork from the95
fan inlet and outlet is summarized in Table 2 for both design conditions, as provided by
the manufacturer for the specified operating conditions.
The air entering the fan passes through a heat exchanger (part K), as seen in Fig.
3 to control the temperature of the air flow, utilizing chilled water as a coolant. The100
employed finned tube heat exchanger directs the air flow through an array of fins and
copper tubes which allows heat to be removed up to a rate of 50 kW. In a similar fashion
7
Table 1: Overview of the fan design conditions.
Contraction exit Design velocity Static pressure Volumetric flow
dimensions at nozzle exit [m/s] rise, ∆P [Pa] rate, Q̇ [m3/s]
Nozzle 1 600 mm × 200 mm 60 (120 achievable) 2970 7.2
Nozzle 2 500 mm × 775 mm 40 3104 15.3
Table 2: Octave band centrifugal fan inlet and outlet sound power for both nozzle design conditions, as
provided by the manufacturer.
f [Hz] 63 125 250 500 1000 2000 4000 8000
Nozzle 1, Inlet [dB] 87 89 90 91 88 86 86 83
60 m/s Outlet [dB] 90 92 93 94 91 89 89 86
Nozzle 2, Inlet [dB] 97 99 100 101 98 96 96 93
40 m/s Outlet [dB] 100 102 103 104 101 99 99 96
to the velocity control, the flow temperature, within a temperature range of 10 ◦C to
30 ◦C, can also be set from the control panels, which in turn controls the heat exchanger
through a closed-loop feedback control system to achieve the set temperature.105
2.2. Silencers
The duct silencers play an important role in the overall performance of any aeroa-
coustic wind tunnel facility. The silencers must be designed to provide maximum noise
reduction, while producing little self-noise, due to the flow interactions with the silencers,110
and also causing minimum pressure loss across the duct network. This facility has a total
of four large air silencers, with two placed in the forward-leg (parts B and C) and the
other two in the return-leg (parts I and J), as illustrated in Fig. 1. Each silencer has been
optimized to achieve the required acoustic dynamic insertion loss, i.e. the achieved noise
reduction including the regenerated flow self-noise, and at the same time maintaining a115
well-behaved flow. The splitters of each silencer have an aerodynamically shaped solid
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leading and trailing edge made from 1.5 mm thick galvanized perforated steel sheets. In
between the leading and trailing edge, the splitters are manufactured from perforated
galvanized steel filled with compressed acoustic grade mineral wool slab. The airway sec-
tions of each silencer are equal in size and do not vary along the flow direction until the120
trailing edge area is reached. The dynamic insertion loss predictions in this section are
based on experimental data obtained from the manufacturer for the respective face flow
velocity as well as flow direction of each silencer and takes both the acoustic absorption
as well as the regenerated self-noise into account.
125
2.2.1. Forward-leg Silencers
The forward-leg of the wind tunnel duct system, i.e. from the fan outlet, contains two
large silencers (parts B and C), as shown in Figs. 1 - 3. Both silencers have a length of
2800 mm, a width of 920 mm and a height of 1710 mm, and consist of two 120 mm thick
modules at the top and bottom of the section and two 300 mm thick central splitters,130
resulting in the three horizontal airways with a constant height of 290 mm. The splitters,
as well as the top and bottom modules, are made out of 1.5 mm galvanized perforated
steel sheets, with 3 mm diameter holes equispaced at a pitch of 5 mm. The space behind
the perforated sheets is filled with acoustic grade mineral wool slabs for noise attenua-
tion. The leading edge of the bottom splitter of the second silencer (part C2) follows the135
shape of a symmetric airfoil, whilst the remaining three leading edges of the splitters of
both silencers (parts B1, B2, C2) are derived for optimum flow conditions, see Fig. 3.
Subsequent to the second silencer, the flow passes through a plain weave mesh screen to
smoothen the airflow such that the leading-edge noise of subsequent guide vanes (GV2)
9
Table 3: Predicted octave band dynamic insertion loss in flow direction from fan to anechoic chamber
at the design conditions for both nozzles, based on experimental data from the manufacturer.
f [Hz] 63 125 250 500 1000 2000 4000 8000
Nozzle 1 [dB] 33 39 58 61 54 48 41 41
Nozzle 2 [dB] 29 38 54 58 54 46 43 41
is reduced. The top of the next duct section (part D) has also been lined in the same140
way, i.e. perforated sheets and acoustic grade mineral wool slabs, to provide further noise
attenuation, as illustrated in Fig. 3. The predicted total dynamic insertion loss in the




After the flow has passed through the anechoic chamber, it is caught by a bell-mouth
collector (part H) and channeled back into the ductwork toward the fan inlet. The
collector is mounted on the acoustic wall and its inlet is placed just inside the anechoic
chamber. The collector inlet has internal dimensions of 2.3 m in width and 1.9 m in height150
and was sized and placed to ensure that the expanding free jet, as well as downward de-
flected flows, can be captured, and thereby limiting the interference noise between the
free jet and the collector. The collector is lined with a thick layer of acoustic foam to
minimize flow interaction noise. Consequently, the flow passes through the two silencers
in the return-leg (parts I and J), before it reaches the centrifugal fan after the heat155
exchanger, see Fig. 1. The silencers in the return duct are oriented vertically and the
airways between the splitters have a constant width of 300 mm. All leading edges are
circularly shaped and the splitters are made in the same way as the forward-leg silencers.
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Table 4: Predicted octave band dynamic insertion loss against the flow direction from fan to anechoic
chamber at the design conditions for both nozzles, based on experimental data from the manufacturer.
f [Hz] 63 125 250 500 1000 2000 4000 8000
Nozzle 1 [dB] 24 41 51 52 43 36 46 45
Nozzle 2 [dB] 23 42 56 56 50 43 47 45
The leading and trailing edge are solid and the voids between 1.5 mm thick perforated
steel sheets are again filled with compressed acoustic grade mineral wool slab. The first160
silencer (part I) is 3500 mm long, 1800 mm wide and 1350 mm high, and it consists of
two 150 mm thick side modules and two 300 mm thick central modules. The flow will
then pass through a second splitter silencer (part J) in the return-leg, consisting of two
150 mm thick side modules and one 300 mm wide central splitter. The silencer has a
total length of 2900 mm, as well as a width and height of 1200 mm. The predicted total165
dynamic insertion loss of these two silencers, i.e. from the fan to the anechoic chamber,
is given in Table 4 for both nozzle design conditions.
2.3. Anechoic Chamber
The airtight anechoic chamber has external dimensions of 7.9 m in length, 5.0 m in170
width and 4.6 m in height, including the surrounding acoustic walls, as outlined in Fig.
2. In order to provide personnel access to the chamber an open mesh raised plastic-
fiberglass flooring is employed. All walls, as well as the ceiling and the floor, are covered
in wedges with base dimensions of 300 mm × 300 mm to completely absorb any sound
reflections. The wedges on the ceiling have a length of 800 mm whereas all other wedges175
have a length of 340 mm and the internal wedge tip-to-tip dimensions are 6.7 m length,
4.0 m width and 3.3 m height. Additionally, the exposed surfaces of the ductwork (parts
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Table 5: Measured and predicted octave band acoustic wall transmission loss.
f [Hz] 63 125 250 500 1000 2000 4000
Predicted TL [dB] 29 34 36 40 45 49 51
Measured TL [dB] 29 42 52 53 54 57 64
E and F) are acoustically lined to ensure that no reflective surfaces exist within the ane-
choic chamber. The anechoic chamber has been certified using the ISO 26101 free-field
qualification procedure and was found to enable anechoic measurements down to 160 Hz180
according to the ISO 3745 standard testing procedures for both pure tone and broad-
band testing for characteristic source dimensions of 0.65 m or less. Additionally, it was
determined that the anechoic chamber provides background noise levels equivalent to a
noise rating of NR8.
185
The chamber’s four-inch-thick acoustic walls have a high transmission loss (TL) to
avoid any external noise sources, such as the fan noise or noise from other wind tun-
nels, to contaminate the measurements conducted inside the chamber. Table 5 provides
the measured and predicted transmission loss of the acoustic wall and it is evident that
the measured transmission loss exceeds the predicted transmission loss. The predicted190
transmission loss was provided by the manufacturer while the measured transmission loss
testing was conducted in accordance with ISO 140-4 testing procedures. All wind tunnel
components inside the anechoic chamber (settling chamber, nozzle, collector) are made
such that they can be removed and the chamber can then be utilized as a fully anechoic
chamber.195
When the anechoic chamber is used in its usual aeroacoustic configuration, far-field
12
noise measurements can be conducted using an array of microphones mounted on an arc.
The arc itself is mounted to the ceiling via a unistrut mounting channel and aligned with
the center point of the nozzle and the free stream direction. The microphone array con-200
sists of 1/4” GRAS 40PL type microphones, with a high dynamic range of 32 - 150 dB(A)
and a flat frequency sensitivity response between 10 Hz and 20 kHz. The diaphragms of
the microphones are mounted along an arc with a radius of 1.75 m. The microphone
arc spans over 125◦ in total, with the microphones placed at regular intervals of 2.5◦
allowing up to 51 microphones to be used simultaneously. This allows far-field noise205
measurements to be conducted at polar angles ranging from 25◦ to 150◦. The focal point
of the arc can be positioned along the axial nozzle direction, in order to accommodate
measurements of bodies with varying sizes. Care was taken such that the expanding jet
from the wind tunnel nozzle does not impinge onto the microphones. A photo of the
anechoic chamber with an experimental test setup in place including the far-field micro-210
phone arc is displayed in Fig. 4.
2.4. Contraction Nozzles and Settling Chamber
The contraction nozzle and the settling chamber are key to obtain a well-behaved flow
at the nozzle exit, with low turbulence intensity and low flow angularity whilst achieving215
a spatially uniform steady stream of air. The wind tunnel currently has two nozzles with
the exit cross-sectional areas of 600 mm × 200 mm and 500 mm × 775 mm. The larger
nozzle maintains low blockage factors when used for high-lift devices, airfoils at high
angles of attack, as well as for bluff bodies. The smaller nozzle can achieve higher veloc-






Figure 4: Photograph of the anechoic chamber with a test setup including: (F) Nozzle, (H) Collector,
(I) Silencer 3 and (M) far-field microphone arc.
noise studies. Both nozzles also feature angles welded to the outside at the nozzle exit,
enabling the mounting of wind tunnel models and other set-ups. All external surfaces
of the contraction nozzle and settling chamber are lined with 10 cm thick acoustically
absorbing foam sheets. As mentioned previously, it is also possible to fully remove the
contraction nozzle and settling chamber to convert the anechoic chamber into a fully225
anechoic chamber.
2.4.1. Settling Chamber
After the flow has passed the final turning vanes, it expands and enters the settling
chamber, see part E in Fig. 1. Two inspection hatches are provided before the settling230
chamber to provide access to the ductwork and also allow for PIV seeding to be introduced
into the flow. Within the settling chamber of 1.8 m × 1.8 m square cross-section the
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air flow first passes through a turbulence screen, followed by a honeycomb section and
lastly two turbulence screens. The turbulence screens smoothen the flow and reduce
the turbulence intensity, whilst the honeycomb section straightens the flow. The first235
turbulence screen is a plain weave mesh with a mesh opening of 1 mm and 0.5 mm stainless
steel wires, whereas the second and third turbulence screen also use a plain weave mesh
but with a mesh opening of 1.95 mm and 0.58 mm. The cross-section of the 80 mm thick
steel honeycomb section consists of hexagons with a side length of 5.5 mm. Additionally,
all four sides of the settling chamber are lined with the same perforated steel sheet as the240
silencers, with the voids behind the sheets filled in the same manner with compressed
acoustic grade mineral wool slab in order to attenuate any noise generated between the
last silencer and the settling chamber.
2.4.2. Contraction Nozzles
The careful design of the contraction nozzle is crucial to ensure a high-quality flow at245
the nozzle exit. Unsteady flow and flow separation must be avoided at both the nozzle
inlet and outlet, whilst achieving a low turbulence intensity, low flow angularity and high
flow uniformity across the nozzle exit plane is desired [30]. As the high static pressure at
the nozzle inlet is converted into dynamic pressure, the turbulent eddies are elongated
and the velocity fluctuations are reduced [31]. This is especially important for any nozzle250
used in an aeroacoustic wind tunnel because an excessively high turbulence intensity can
potentially change the nature of the noise generation mechanism, particularly in the case
of airfoils. The nozzle design procedure is based on Morel’s [32] method of utilizing two
polynomials which are connected at a so-called match point for both the width and height
profiles of the nozzle. Su [33] extended this method to nozzles with rectangular cross-255
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sections and investigated the influence of several geometric parameters on the exit flow
quality. For a given nozzle length L and a relative match point location of χ, Su defined
the centerline distance of the height (H(X)) and width (B(X)) profiles as a function of
the axial distance from the inlet (X), as follows
H(X) −H2
H1 −H2
= 1 − (X/L)
n1
χn1−1





= 1 − (1 −X/L)
n2
(1 − χ)n2−1





= 1 − (X/L)
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χn1−1





= 1 − (1 −X/L)
n2
(1 − χ)n2−1
, χ ≤ X
L
≤ 1, (4)
where H1 and B1 are half the inlet height and width, respectively, H2 and B2 are half the260
outlet height and width, respectively, and n1 and n2 are the contour powers of the first
and second polynomial, respectively. Whilst Su focused on having a common contour
power factor (n1 = n2), it is shown that having a higher contour power factor in the
aft part of the nozzle is highly favorable to improve exit flow uniformity [33]. However,
having differing contour power factors between the first and second polynomial results265
in a discontinuous gradient at the match point. In order to avoid this discontinuity in
the first derivative, a third order spline is fitted between the two polynomials, reducing
the length of the second polynomial curve. The extent of this spline is determined such
that the gradient at the beginning of the spline is equal to the gradient at the end of the
16
spline. This design procedure allows polynomials of different orders to be utilized.270
The aeroacoustic facility currently has two nozzles with the exit dimensions of 500 mm
× 775 mm and 600 mm × 200 mm. The nozzle inlet has a size of 1.8 m × 1.8 m, resulting
in contraction ratios of 8.4 : 1 and 27.0 : 1, respectively. Due to spatial constraints, the
contraction nozzles were required to have a common 1 m long first section and an overall275
length of 2.0 m. In order to achieve a common first section, the first polynomials of the
width and height profiles of both nozzles were averaged and the splines connecting the
first polynomials to the second polynomials adjusted accordingly. The final width and
height profiles of both nozzles can be seen in Figs. 5(a) and 5(b) and the corresponding
design parameters are given in Table 6.280
(a) (b)
Figure 5: Height (a) and width (b) profiles for both nozzles.
Table 6: Geometric parameters of the two contraction nozzles.
H1 [m] H2 [m] B1 [m] B2 [m] L [m] n1 n2
Nozzle 1 0.9 0.1 0.9 0.3 2 3 5
Nozzle 2 0.9 0.3875 0.9 0.25 2 3 5
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In order to assess the aerodynamic performance of the nozzles and also to visualize the
flow behavior within the different sections of the contraction nozzles, three-dimensional
steady-state k − ω SST simulations were performed using the open source solver Open-
FOAM. The simulations were carried out using a grid of approximately 4.7·106 structured285
cells, with wall functions and an average y+ of 30 at the nozzle walls for all cases. The
simulations were carried out for a jet nozzle exit velocity of U∞ = 40 m/s and 60 m/s
for the 500 mm × 775 mm nozzle and 600 mm × 200 mm nozzle, respectively. The inlet
turbulence intensity was set to 5 % to investigate the ability of the contraction nozzles to
reduce velocity fluctuations sufficiently, achieve a uniform exit flow field and avoid any290
flow separation. The geometry and coordinate system for the 600 mm × 200 mm and
for the 500 mm × 775 mm nozzles used in the computations are shown in Fig. 6. The































Figure 7: Normalised velocity profiles at three streamwise locations within the nozzle contraction: (a)
Nozzle 1, Y -direction, (b) Nozzle 1, Z-direction, (c) Nozzle 2, Y -direction, (d) Nozzle 2, Z-direction.
H(X) and B(X) are the nozzle profile functions, given in Eqs. 1-4.
Figure 7 shows the velocity profiles close to the nozzle walls along the Y - and Z-295
directions for both nozzles at the three streamwise locations of X/L = -0.2, -0.1 and 0.0,
respectively. The distance from the wall is normalized by the corresponding height and
width, namely H(X) and B(X), and hence ranges from -1 to 1. It can be seen that at
the exit plane for the smaller nozzle, the velocity is predicted to be uniform over at least
93 % and 97 % of the nozzle extent in the Y - and Z-direction, respectively. The larger300
nozzle is predicted to produce a uniform flow at the exit plane for 97 % and 96 % of the
nozzle extent in the Y - and Z-direction, respectively. Lastly, the velocity contours in the
X − Z and X − Y planes within the contraction regions are illustrated in Fig. 8 and it
19












Figure 8: Vertical and horizontal cross-section plane velocity contours: (a) Nozzle 1 at U∞ = 60 m/s,
(b) Nozzle 2 at U∞ = 40 m/s.
3. Aerodynamic and Acoustic Performance Characteristics
3.1. Aerodynamic Characteristics
This section presents the measurements regarding the flow quality of both contrac-310
tion nozzles. The flow turbulence intensity and uniformity measurements have been
conducted using a Dantec 55P16 type hot-wire probe featuring a 5µm platinum plated
tungsten wire. The hot-wire probe is powered via a Dantec Streamline Pro frame using
a CTA91C10 module. The hot-wire probe has been calibrated using a Dantec 54H10
calibrator and the data were captured for 8 seconds at a sampling frequency of 216 Hz315
using a National Instruments PXIe-4499 card. The hot-wire is moved by means of a
20
traverse system consisting of two ThorLabs LTS300M stages with 300 mm travel each,
whose positioning accuracy is 5µm. The turbulence intensity (TI) is calculated at each
measurement point as
TI = U ′rms/Umean, (5)
where U ′rms is the root-mean-square of the velocity fluctuations and Umean is the average320
velocity. The velocity fluctuations have been high-pass filtered at f = U∞/(2LTS), where
LTS is the largest test section dimension, in order to remove the effect of large-scale fa-
cility unsteadiness from the turbulence intensity measurement [34].
3.1.1. Nozzle 1325
Figure 9 shows the mean velocity profiles of Nozzle 1 in the horizontal (Z) and vertical
(Y ) directions at five streamwise distances from the nozzle exit plane for a set velocity
of U∞ = 30 m/s. The horizontal and vertical distances have been normalized by the
corresponding nozzle exit parameters (B2, H2,) to a range of -1 to 1. Results are pre-
sented in terms of the normalized streamwise distance (X/Dh), where Dh = 300 mm is330
the hydraulic diameter of the nozzle. The velocity results exhibit a top-hat distribution
near the nozzle exit, but gradually take a Gaussian shape at further downstream loca-
tions, revealing the development of the jet shear layer. The mean velocity does not vary
across the horizontal and vertical extent for any of the streamwise distances measured,
indicating the presence of a good flow uniformity for the distances considered here. At a335
distance of X/Dh = 2.8, the extent of the free jet with a constant velocity covers 75 % and
40 % of its original extent in the horizontal and vertical directions, respectively. Hence,
it can be concluded that the jet potential core has a length in excess of three hydraulic
21
diameters. It is key for any contraction nozzle to possess a low turbulence intensity at
the outlet, in order to facilitate accurate aerodynamic and aeroacoustic measurements340
and a realistic boundary layer transition behavior. Figure 10 displays the flow turbu-
lence intensity profiles in the horizontal (Z) and vertical (Y ) directions for U∞ = 30 m/s,
which is shown to be as low as 0.09 %. It is visible that the turbulence intensity present
in the flow increases for larger nozzle distances as the jet develops. It is worth men-
tioning that most aeroacoustic tests are carried out with the test rig, i.e. airfoil, bluff345
body, etc. placed within the potential core of the jet. As evident in this section, Nozzle 1













Figure 9: Jet flow velocity profiles in the horizontal (a) and vertical (b) directions at different axial
locations for Nozzle 1 at U∞ = 30 m/s.
3.1.2. Nozzle 2
Figure 11 provides the mean velocity profiles of Nozzle 2 in the horizontal (Z) and350
vertical (Y ) directions at five distances from the nozzle exit plane for a set velocity of














Figure 10: Jet flow turbulence intensity profiles in the horizontal (a) and vertical (b) directions at
different axial locations for Nozzle 1 at U∞ = 30 m/s.
sponding nozzle exit parameters (B2, H2,) to a range of -1 to 1. Results are presented
as a function of X/Dh, where Dh = 608 mm is the hydraulic diameter of the nozzle. In a
comparable way to the smaller nozzle, it can be seen that near the exit plane, the velocity355
profiles have a top-hat distribution, while with increasing distance, the velocity reduces
at the sides of the developing jet. The mean velocity is almost constant across the hori-
zontal and vertical extent for any of the axial distances measured, revealing a good flow
uniformity over this region. At a distance of X/Dh = 1.4, the velocity remains constant
over 77.5 % and 80 % of the horizontal and vertical extent of the nozzle, respectively.360
Hence, it can be concluded that the potential core has a length well in excess of one and
a half hydraulic diameters and noise tests can be carried out by placing objects within
this volume. Lastly, Fig. 12 displays the turbulence intensity profiles in the horizontal
(Z) and vertical (Y ) directions for U∞ = 30 m/s, which is found to be as low as 0.12 %
and almost constant for 90 % of the horizontal extent for X/Dh = 0.1. It is visible that365
the turbulence intensity increases as the jet develops downstream of the nozzle exit. As
seen in this section, Nozzle 2 also produces a good quality air flow, with a high flow
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Figure 11: Jet flow velocity profiles in the horizontal (a) and vertical (b) directions at different axial













Figure 12: Jet flow turbulent intensity profiles in the horizontal (a) and vertical (b) directions at different
axial locations for Nozzle 2 at U∞ = 30 m/s.
3.2. Jet flow noise
This section will present the jet flow background noise measurements and associated
analysis. It is important for any aeroacoustic facility to have a sufficiently low jet flow
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(a) (b)
Figure 13: Background noise measurements for the 600 mm × 200 mm nozzle for varying wind speeds
from U∞ = 10 m/s to U∞ = 70 m/s at 5 m/s wind speed intervals: (a) θ = 90 ◦, (b) θ = 45 ◦. The dashed
line ( ) shows the noise floor of the anechoic chamber.
background noise, i.e. jet flow noise, in order to facilitate good near- and far-field acoustic
investigations. For all presented results in this section, microphone signals were acquired375
for a duration of 16 seconds using three synchronized PXIe-4499 data acquisition cards
mounted in a National Instruments PXIe-1062Q chassis. The power spectral density of
all presented narrowband noise spectra were calculated using Welch’s method and have
a frequency bin size of 8 Hz unless indicated otherwise. All spectra are referenced to the
reference sound pressure of 20 · 10−6 Pa. The jet flow background noise analysis focuses380
on Nozzle 1 which is mainly used for smaller streamlined bodies, but nevertheless back-
ground noise levels for Nozzle 2 are also provided in Section 3.3 alongside with noise
measurements from some aerodynamic bodies.
Figure 13 depicts the narrowband background noise spectrum for Nozzle 1 for the385
polar angles of θ = 90 ◦ and 45 ◦, respectively. A polar angle of θ = 0 ◦ corresponds to
a downstream location, aligned with the free stream flow vector, and a polar angle of
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θ = 90 ◦ is defined as above the jet flow. As expected, the noise increases for increas-
ing velocities for all frequencies. At velocities of up to U∞= 25 m/s the background
noise reaches the noise floor of the anechoic chamber at approximately -9 dB for high390
frequencies. In order to ensure that the jet flow noise inside the anechoic chamber is
not contaminated by the fan and motor noise, a series of signal coherence studies have
been performed. The coherence study was conducted using the signal collected by a
microphone placed near the fan/motor and one inside the anechoic chamber above the
nozzle. For all velocities investigated (U∞ = 10 m/s - 70 m/s) and the complete frequency395
range from 160 Hz to 20 kHz, the coherence is below 0.05, indicating almost no acoustic
contamination due to external noise sources.











where Spp,U is the power spectral density at the velocity U , U1 and U2 are the two ve-
locities for which N is calculated. The curves presented in Fig. 14 show the mean value
of N , when calculating Eq. 6 for U2 = 70 m/s and U1 varying from 30 m/s to 65 m/s.
The results follow a similar trend to the ones presented by Chong et al. [19], and it can
been seen that for both polar angles considered here the background noise scaling is in405
excess of 7, clearly showing the contribution of the quadrupole sources of the jet flow to
the background noise, which are expected to scale at factor of 8.
Lastly, the A-weighted overall sound pressure level (OASPLA) of the jet flow is
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Figure 14: Background noise velocity dependence for two polar angles (θ = 45 ◦ and 90 ◦) for Nozzle 1.
compared to the noise data from other aeroacoustic wind tunnels, by means of scaling410
the OASPLA according to the following equation,






where r is the measurement distance from the microphone diaphragm to the center of
the nozzle exit plane and A is the nozzle exit cross-sectional area of the respective facility
[14, 19, 20]. The A-weighted OASPL is calculated by integrating the narrowband spec-
tra from the cut-off frequency of 160 Hz to 20 kHz, as well as applying the A-weighting415
corrections [35]. Figure 15 shows the OASPLsc,A comparison, with the data for the
other wind tunnels taken from [19, 20]. It is clear that except for U∞ = 10 m/s the
Bristol Facility’s OASPLsc,A matches or is slightly below the OASPLsc,A of other wind
tunnels for both θ = 45◦ and 90◦. Starting with U∞ = 30 m/s, the OASPLsc,A can be
related linearly to the logarithmic velocity. For velocities below U∞ = 30 m/s, the nar-420
row spectra show that at high frequencies the jet flow background noise reaches the noise
floor of the anechoic chamber, which is a possible explanation for this non-linear behavior.
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Figure 15: Scaled OASPLA of various wind tunnels and Nozzle 1. Data taken from [19, 20].
3.3. Benchmark Noise Validation Cases
In the previous sections, we explained the wind tunnel design and provided some425
information on the aerodynamic performance of the facility. The jet flow background
noise was also discussed in Section 3.2. The main purpose of an aeroacoustic facility is
to enable far-field noise measurements. In order to demonstrate the capabilities of the
University of Bristol’s aeroacoustic facility, we have carried out far-field noise measure-
ments for a range of cases, namely a flat plate, a bluff body and a standard NACA 0012430
airfoil. In what follows, we will explain each setup and provide the far-field noise data
to show the performance of the new facility. Further experimental results for airfoils,
high-lift devices and bluff bodies can be found elsewhere [36–40].
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3.3.1. Flat Plate435
Flat plate studies are of great interest to the aeroacoustic community, allowing a
range of fundamental studies to be conducted, such as trailing edge noise, boundary
layer noise, hydrodynamic wavenumber-frequency analysis, etc. The flat plate test case
represents one of the most difficult test cases for evaluating the acoustic performance of
the facility, as it is generally very quiet. The far-field noise spectra of a flat plate mounted440
at the lip-line on Nozzle 1 (600 mm × 200 mm), as well as background noise spectra at
a measurement distance of r = 1.75 m, are provided in Fig. 16 for the free stream flow
velocities of U∞= 20 m/s, 30 m/s and 40 m/s. Additionally, the scaling factor of the flat
plate noise calculated using Eq. 6 for U1 = 30 m/s and U2 = 40 m/s is displayed in Fig.
16 (b). The 50 cm chord flat plate was tripped using a zig-zag tape with a height of445
0.5 mm and tip-to-tip distance of 10 mm. The far-field noise results have shown that for
all cases considered here, the flat plate trailing edge noise is above the jet background
noise. The difference at low frequencies is found to be approximately 10 dB, while at
higher frequencies this difference reduces. It is also shown that the scaling factor of the
flat plate noise calculated using Eq. 6 is approximately 6 for the entire frequency range,450
which confirms that turbulent boundary trailing edge noise is the dominant noise source
for this test case. These results, therefore, indicate that the background noise levels are
sufficiently low enough to facilitate experiments researching flat plate turbulent boundary
layer trailing edge noise.
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(a) (b)
Figure 16: (a) Far-field spectra at θ= 90◦ of flat plate noise (solid lines with round markers) and
background noise (dashed lines) for U∞ = 20 m/s, 30 m/s and 40 m/s. (b) Flat plate noise scaling factor.
3.3.2. Round Cylinder455
The aeroacoustics of bluff bodies is of great academic and industrial interest. Far-
field noise measurements using the 600 mm × 200 mm nozzle have been carried out for
a cylinder with a diameter of d = 10 mm and a span of 600 mm, resulting in a span to
diameter ratio of 60. Figure 17 shows the sound pressure level obtained from the far-field
microphones located at θ=45◦ and 90◦, at a distance of r = 1.75 m from the cylinder460
at the flow velocities of 10 m/s ≤ U∞ ≤ 60 m/s. The noise radiated from the cylinder
was found to be well above the jet flow background noise over the whole frequency range
presented in Fig. 17. The vortex shedding peak can be seen at the Strouhal number of
Std ≈ 0.2 (Std = fd/U∞). As demonstrated in other works, the fundamental tonal peak
at Std ≈ 0.2 is believed to be due to the fluctuating lift force acting on the cylinder [8],465
while the Std ≈ ,0.4 peak can be attributed to the fluctuating drag force [41]. The drag
force induced tonal noise at Std ≈ 0.4 can also clearly be seen in the far-field noise data.
Based on the results provided in Fig. 17, it can be concluded that the facility can be
used for both fundamental bluff body research, as well as more complex geometries, such
30
(a) (b)
Figure 17: Far-field noise spectra for cylinder with a diameter of d = 10 mm (solid lines) and background
noise (dotted lines) for U∞ = 20 m/s, 40 m/s and 60 m/s at two polar angles: (a) θ= 90◦, (b) θ= 45◦.
as landing gear systems, car side mirror, etc.470
3.3.3. Tripped NACA 0012 Airfoil
The symmetric NACA 0012 airfoil is one of the most often studied airfoils and has
therefore been selected as one of the benchmark test cases for this new facility. The
one-third-octave band far-field noise spectra of a NACA 0012 airfoil at an angle of attack475
of α = 1.5 ◦ is compared to the BPM turbulent boundary layer trailing edge noise model
[42]. The jet flow background noise is also provided for comparison for wind speeds of
U∞ = 30 m/s and 40 m/s, at θ = 90
◦ and at a measurement distance of r/c = 11.7, see
Fig. 18. Additionally, Fig. 18 displays experimental data from Brooks et al. [42] for
a tripped NACA 0012 airfoil with a chord of 15.24 cm, at an angle of attack of α = 0 ◦480
and wind speeds of U∞ = 32 m/s and 40 m/s. The data has been corrected to match the
present experimental conditions regarding the airfoil span and measurement distance.
The airfoil with a chord length of 15 cm and a span of 60 cm was mounted between two
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(a) (b)
Figure 18: Far-field spectra in 1/3 octave bands at θ = 90◦ for a NACA 0012 airfoil (solid line with
round markers), BPM model (dashed line), Brooks’ et al. data [42] (triangular markers) and background
noise (dashed line with round markers): (a) U∞ = 30 m/s and (b) U∞ = 40 m/s.
side-plates in Nozzle 1 (600 mm × 200 mm), at a distance of 30 cm (i.e. two chord-
lengths) from the nozzle exit in the streamwise direction. The airfoil was tripped by485
means of a 6 mm wide and 0.5 mm thick zig-zag turbulator trip tape with a turbula-
tor angle of 70◦ from Glasfaser-Flugzeug-Service GmbH at 10% of the chord [43]. The
required boundary layer thickness for the BPM model was calculated using XFoil [44].
For all velocities, the noise emitted from the airfoil was found to exceed the background
noise by more than 10 dB and matches well with the experimental data by Brooks’ et490
al., as illustrated in in Fig. 18. It can also be observed that the airfoil far-field noise
spectra match the BPM predictions well at mid and high frequencies. The mismatch at
low frequencies has also been reported by others using different facilities and is believed
to be due to low frequency noise amplification of the jet noise when the airfoil is placed
inside the flow [19–21, 45]. These results for a small chord NACA 0012 airfoil indicate495
that the facility can be used to investigate the trailing edge noise emitted from airfoils.
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4. Conclusions
An overview of the design and the aerodynamic and acoustic performance of the Uni-500
versity of Bristol Aeroacoustic Facility has been presented in this paper. The various
acoustic and aerodynamic features of facility have been described, such as the silencers,
fan and settling chamber and nozzles. The anechoic chamber has been certified to be
anechoic down to 160 Hz. This characteristic together with low background noise and
the two contraction nozzles with a high flow quality, make this facility versatile for a505
variety of aeroacoustic measurements, such as airfoil noise, noise from bluff bodies and
instability noise studies. The far-field noise results from a flat plate, a round cylinder and
a NACA 0012 airfoil have been presented and discussed to demonstrate the capabilities
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